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Heterogeneous Traffic Flows 



o 

(N 



(N 

6 

o 

o 

CZJ 

Oh 



> 

O 

en 

o 

oo 
o 



- 1—1 

x 



Dirk Helbing 1 and Benno Tilch 2 

^TH Zurich, UNO Dll, Universitatstr. 41, 8092 Zurich, Switzerland 
II. Institut fur Theoretische Physik, Pfaffenwaldring 57, 70550 Stuttgart, Germany 

Received: date / Revised version: date 

Abstract. We study the duration of "high-flow states" in freeway traffic, defined as the time periods for 
which traffic flows exceed a given flow threshold. Our empirical data are surprisingly well represented by a 
power law. Moreover, the power law exponent is approximately 2, in dependently of the chosen flow thresh- 
old. In order to explain this discovery, we investigate a simple theoretical model of heterogeneous traffic 
with overtaking maneuvers, which is able to reproduce both, the empirical power law and its exponent. 
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1 Introduction 



Efficient transport systems are needed to fulfil the require- 
ments of industrialized societies. However, studies of traf- 
fic physicists have shown that the capacity of a freeway 
is reduced by the breakdown of traffic flows [1,2,3,3], a 
phenomenon which is widely known as "capacity drop" . 
Moreover, when the vehicle density increases, the traffic 
flow becomes metastable, i.e. a breakdown of traffic flow 
can be triggered by perturbations, if they exceed a critical 
perturbation threshold [TJ[5l[3]. At even higher densities, 
traffic flow becomes linearly unstable, and a breakdown is 
triggered by the slightest perturbation [6jl3] . 

Due to the dependence of traffic breakdowns on pertur- 
bations of the traffic flow, it is essential to know the char- 
acteristic properties of vehicle flows. While much attention 
has been paid to the measurement and explanation of the 
empirically observed wide scattering of congested traffic 
flows [7], the features of flows before the breakdown of 
free traffic have not found the attention they deserve. For 
example, the time period immediately before the break- 
down is characterized by "high-flow states" (see Fig. Q]) . 
These high-flow states are produced by small time gaps 
between subsequent vehicles, i.e. by vehicle platoons. Be- 
fore we study these states, let us therefore shortly discuss 
some previous literature on vehicle platoons (see Ref. _3J- 

The formation of platoons is typically a result of 
the fact that vehicles do not behave identically. Driver- 
vehicle behavior is rather heterogeneous, which is typi- 
cally reflected by distributed model parameters. The sim- 
plest models for heterogeneous transport are particle hop- 
ping models with quenched disorder. For example, Evans 
[8], Krug and Ferrari [9], Karimipour p~0 | l 1 l j . as well as 



Fig. 1. Empirical (a) Illustration of the capacity drop, and of 
widely scatterd flow-density data after the breakdown of traffic 
flow, (b) Illustration of the breakdown of the flow upstream of 
a bottleneck (50-vehicle averages) as a function of time. The 
flows before the breakdown are sometimes called "high-flow 
states" . Congested traffic states can be characterized by falling 
below the flow pV scp at a vehicle density p. The separating 



speed V BBp must be suitably chosen. Here, we set V sc 
km/h. (After [3]). 
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Seppalainen and Krug [12| study a simplified version of a 
model by Benjamini, Ferrari, and Landim [13] . It corre- 
sponds to the one-dimensional driven lattice gas known as 
TASEP, but with particle-specific, constant jump rates q a . 
When overtaking is not allowed, Krug and Ferrari [9 find 
a sharp phase transition between a low-density regime, 
where all particles arc qucucing behind the slowest par- 
ticle, and a high-density regime, where the particles are 
equally distributed. Note that the slow particles "feel free 
traffic" until the critical density is reached, at which traffic 
flow becomes unstable (cf. the truck curve in Fig. [2]). 



Fig. 2. Average speed of vehicles as a function of the vehicle 
density in (a) the right lane and (b) the left (fast) lane (after 
[14] h The curves have been determined from single vehicle data 
of the Dutch freeway A9 close to Amsterdam. Note that the 
average velocity of trucks stays constant upto the critical den- 
sity, where the speed of cars and trucks drops simulaneously 
and becomes more or less the same. This incidates that trucks 
"feel" free traffic conditions at all vehicle densities upto the 
occurence of the transition to congested traffic. 
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Close to the critical density, where the traffic flow 
becomes unstable, the growth of particle clusters ("pla- 
toons" ) is characterized by a power-law coarsening. If par- 
ticles move ballistically with individual velocities v a and 
form a platoon when a faster particle reaches a slower one, 
the platoon size n p \(t) grows according to 



ripi(i) ~ t 



(7+1)7(7+2) 



(1) 



where the exponent 7 characterizes the distribution 
Po(v) ~ (v — Wmin) 7 of free velocities in the neighborhood 
of the minimal desired velocity v m [ n [15U16[fl7l l8, 19. 20. 
|2"T] . Beyond it, the differences among fast and slow parti- 
cles become irrelevant, because there is so little space that 
all particles have to move slower than preferred. 

Platoon formation and power-law coarsening has 
also been found in microscopic models with parallel 
update [rai2l)l [T6 l [T7 l [l ^[2Tll22l[23] . An example is the 
Nagel-Schreckenberg model with vehicle-specific slow- 
down probabilities [241125] . 

In real traffic, platoons remain limited in size. This is 
probably because of occasional possibilities for overtaking 
maneuvers on multi-lane roads. For a model for platoon 
size distributions see Islam and Consul [26] . 

In the following, we will relate the distribution of pla- 
toon sizes with their growth dynamics, and study the 
importance of overtaking maneuvers for both. Before we 
start our theoretical considerations, however, Sec. [2] will 
present data of "high-flow states" and discusses their 
unexpected power-law statistics. Afterwards, Sec. [3] will 
present a theoretical explanation, based on platoon for- 
mation due to overtaking maneuvers by slow vehicles. A 
discussion and outlook is given in Sec. [U 



2 Power Law Distribution of High-Flow 
States 

As indicated before, high traffic flows tend to be unstable, 
in particular if they exceed the outflow Q ou t from con- 
gested traffic not just temporarily due to a short fluctua- 
tion, but if they persist over a longer time period [5l[3] . It 
is, therefore, important to learn more about the statistics 
of "high-flow states", defined here by exceeding a given 
flow threshold Qthrcs (which may be chosen different from 

Qout)- 

We were particularly interested in the duration of 
"high flow states" and analyzed single- vehicle data of the 
Dutch freeway A9 from Haarlem to Amsterdam in the 
Netherlands (see Ref. [27] for details of the data) . Specifi- 
cally, we aggregated the data to obtain 2-minute averages 
of the flow Q(x,t) as a function of time t at a certain 
location x of the freeway. Afterwards, we determined the 
time periods At for which the flows stayed above a cer- 
tain threshold Qthrcs- A representative example is shown 
in Fig. [3] 

Similar pictures as for Qthrcs — 1400 vehicles/h are 
found for other threshold values Qthrcs, but the data tend 
to be more noisy for large values of Qthrcs, as the typical 



Fig. 3. Typical scaling law for the distribution of durations, 
for which the vehicle flow Q(x,t) at the cross section 1 of a 
freeway exceeds the threshold Qthrcs = 1400 vehicles/h. The 
distribution follows a power law and has been determined from 
single vehicle data of the Dutch freeway A9 from Rottepolder- 
plein to Badheuvedorp close to Amsterdam. 



durations of high-flow states become shorter. Generally, 
however, the probability distribution P(At) of durations 
of high-flow states can be surprisingly well approximated 
by a power law 

P{At) ~ (At)- a (2) 

with an exponent a. As the distributions P(At) obviously 
depend on the chosen threshold value Qthrcs, it would be 
natural to assume that the respective power law exponents 
a depend on Qthrcs as well. However, Fig. @] suggests that 
a ~ 2, irrespective of the value of Qthrcs- Therefore, we 
have to find an explanation for both, the occurence of 
the power law for heterogeneous multi-lane traffic and the 
value a~2of its exponent. 



Fig. 4. Exponents of the power laws according to Fig. [3] for 
different thresholds Qthrcs- One can see that the exponents, 
fitted within the interval At £ [6, 50] min, are of the order 
of 2. The exponents have been determined from single vehicle 
data of the Dutch freeway A9 close to Amsterdam. 



3 Derivation of the Power Law Based on 
Overtaking Maneuvers 

Our explanation starts with the hypothesis that high-flow 
states are produced by vehicle platoons, and that these 
are primarily a consequence of lasting overtaking maneu- 
vers, particularly when one truck overtakes another one 
with a small relative velocity. Figure [5] shows the speed 
distribution of cars and trucks in free traffic of low vehi- 
cle density. It can be seen that the speed of trucks varies 
around the applicable speed limit for trucks of 80 km/h, 
and that the distribution is quite narrow (i.e. speed differ- 
ences are small). Furthermore, the speed distributions of 
cars and trucks can be reasonably well approximated by 
Gaussian distributions. A theoretical explanation of this 
is, for example, given in Ref. [28] . 



Fig. 5. Speed distribution of cars and trucks under free traffic 
conditions. Normal distributions fit the data reasonably well. 
The distributions have been determined from single vehicle 
data of the Dutch freeway A9 close to Amsterdam. Note that 
the left lane is the fast lane and that the speed limits for cars 
is 120 km/h on this freeway stretch, while it is 80 km/h for 
trucks. 

It is natural that overtaking maneuvers of slow vehi- 
cles, e.g. overtaking trucks, constitute a moving bottleneck 
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for faster vehicles for some time. These faster vehicles will 
be queued up behind the slow ones (the trucks) and form 
a platoon. When a vehicle platoon passes a cross section 
of the road, the traffic flow is particularly high due to 
the small time gaps between its vehicles. In the following, 
we are interested in the theoretically expected statistics 
of time periods of high flows, considering the Gaussian 
distribution of speeds. 

The growth of the queue length is determined by the 
arrival of faster vehicles at its end. Intuitively, the number 
of vehicles in the platoon grows proportionally with the 
time required for the overtaking maneuver of the slow ve- 
hicles. Moreover, the period of high-flow states is expected 
to be proportional to the platoon length. In conclusion, 
the time period At of high flow states is determined by 
the time period required for overtaking. 

If Al c g denotes the effective distance over which an 
overtaking maneuver takes place and Av is the relative 
speed between an overtaking vehicle and the slower one it 
overtakes, we find the proportionality relation 



At = 



Al cfi 

Av 



As a consequence, the distribution of At is given by the 
distribution of 1/Av. 

As we are particularly interested in extended high-flow 
states, i.e. long platoons, we need to determine the distri- 
bution of speed differences between slow vehicles, we can 
focus on the speed distribution of trucks. From statistics, 
it is well-known that the difference of two identically, in- 
dependently, Gaussian distributed variables is Gaussian 
distributed as well. That is, the relative speeds Av of slow 
vehicles follow a Gaussian distribution 



N(Av) dAv = 



1 



,-(Av) 2 /(2B) 



(3) 



From this fact, we can derive the distribution of the 
variable y — l/Av by application of the appropriate trans- 
formation. Considering 



dy 

dAv 



1 



Av 2 



-y 



we find 



N(Av)dAv = -N(Av)^rdy, 



(4) 



(5) 



where the minus sign is compensated for by integration 
from small to large values of y = 1/Av rather than vice 
versa. Therefore, we finally get the distribution 



P(y)dy 



_L ie-VP^ 2 ]^. 



(6) 



In the limit of small speed differences Av, i.e. large values 
of y, we finally obtain the power law 



P(y) ~ y~ 



(7) 



Furthermore, as y = 1/Av ~ At, this implies the power- 
law distribution 



p{At) ~ (Aty 



(8) 



Fig. 6. Illustration of a traffic breakdown on the German 
freeway A5 close to Frankfurt, triggered by the so-called 
"boomerang effect" , which starts with a peak in the truck frac- 
tion (lower dotted lines) (after [29]). For some subsequent time 
period, there is a peak in the flow and a reduction of the speed, 
which indicates a dense vehicle cluster queuing up behind over- 
taking trucks. While the cluster moves forward, its spatial ex- 
tension grows, indicating a growth of the platoon length. Fi- 
nally, approximately one kilometer before the off-ramp at inter- 
section Frankfurt North- West, which induces many lane chang- 
ing maneuvers because of the high off-ramp flow, the velocity 
drops to values around 60 km/h, and a traffic jam travelling 
against the driving direction appears. Afterwards, the reduc- 
tion in the average speed and flow increases with time, thereby 
causing a growth in the amplitude of perturbation. 



which is different from Eq. fT]). Consequently, the dura- 
tions At of high-flow states should be distributed accord- 
ing to a power law with exponent —2, which explains our 
empirical observations, see Fig. 2J 



4 Summary and Outlook 

In this paper, we have revealed a power law for the dura- 
tion of high- flow states, where "high flow" primarily means 
higher than some given threshold Qthrcs- Not only was it 
surprising to find that our empirical data could be ap- 
proximated by a power law, but also that the power law 
exponent a was approximately 2, irrespective of the flow 
threshold Qthrcs- 

Therefore, it was natural to look for an explanation of 
these surprising findings. Our hypothesis was that high- 
flow states occured due to vehicle platoons, and that these 
vehicle platoons would be caused by lasting overtaking 
maneuvers of slow vehicles, particularly of trucks. Based 
on the Gaussian distribution of the relative velocity of 
trucks, we could, in fact, derive the empirical power law 
and the exponent of 2. 

It should be added that vehicle platoons can cause 
the breakdown of traffic flows, as has been studied in 
Ref. [29 in more detail. The typical scenario is a so- 
called "boomerang effect", where small perturbations in 
the flow move forward in the beginning, but turn their 
propagation direction after some time. According to Fig. 
[51 the forwardly moving phase seems to be characterized 
by an increase in the spatial extension of the perturbation, 
i.e. growing vehicle platoons, while the upstream moving 
phase is characterized by a growing amplitude of the per- 
turbation. This finally gives rise to a serious breakdown 
of traffic flow. 



The authors would like to thank Rudolf Sollacher for stimu- 
lating the empirical investigation of the characteristics of high- 
flow states and the Dutch Ministry of Transport, Public Works 
and Water Management, in particular Henk Taale, for provid- 
ing the data of the Dutch freeway A9. The data of the German 
freeway A5 were provided by the Hessisches Landesamt fur 
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